Update
Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tig.2008.
10.011.
References
1 Marais, G. (2003) Biased gene conversion: implications for genome and
sex evolution. Trends Genet. 19, 330–338
2 Galtier, N. et al. (2001) GC-content evolution in Mamm. Genomes: the
biased gene conversion hypothesis. Genetics 159, 907–911
3 Webster, M.T. and Smith, N.G. (2004) Fixation biases affecting human
SNPs. Trends Genet. 20, 122–126
4 Webster, M.T. et al. (2005) Male-driven biased gene conversion governs
the evolution of base composition in human alu repeats. Mol. Biol. Evol.
22, 1468–1474
5 Duret, L. et al. (2006) A new perspective on isochore evolution. Gene
385, 71–74
6 Dreszer, T.R. et al. (2007) Biased clustered substitutions in the human
genome: The footprints of male-driven biased gene conversion. Genome
Res. 17, 1420–1430
7 Duret, L. and Arndt, P.F. (2008) The impact of recombination on
nucleotide substitutions in the human genome. PLoS Genet. 4, e1000071
8 Galtier, N. and Duret, L. (2007) Adaptation or biased gene conversion?
Extending the null hypothesis of molecular evolution. Trends Genet. 23,
273–277
9 Pollard, K.S. et al. (2006) An RNA gene expressed during cortical
development evolved rapidly in humans. Nature 443, 167–172
10 Ranwez, V. et al. (2007) OrthoMaM: a database of orthologous genomic
markers for placental mammal phylogenetics. BMC Evol. Biol. 7,
241

Trends in Genetics

Vol.25 No.1

11 Bakewell, M.A. et al. (2007) More genes underwent positive selection in
chimpanzee evolution than in human evolution. Proc. Natl. Acad. Sci.
U. S. A. 104, 7489–7494
12 Nagylaki, T. (1983) Evolution of a finite population under gene
conversion. Proc. Natl. Acad. Sci. U. S. A. 80, 6278–6281
13 Yang, Z. (1998) Likelihood ratio tests for detecting positive selection
and application to primate lysozyme evolution. Mol. Biol. Evol. 15, 568–
573
14 Winckler, W. et al. (2005) Comparison of fine-scale recombination rates
in humans and chimpanzees. Science 308, 107–111
15 Myers, S. et al. (2005) A fine-scale map of recombination rates and
hotspots across the human genome. Science 310, 321–324
16 Bernardi, G. et al. (1985) The mosaic genome of warm-blooded
vertebrates. Science 228, 953–958
17 Bernardi, G. (2007) The neoselectionist theory of genome evolution.
Proc. Natl. Acad. Sci. U. S. A. 104, 8385–8390
18 Otto, S.P. and Barton, N.H. (1997) The evolution of recombination:
removing the limits to natural selection. Genetics 147, 879–906
19 Begun, D.J. and Aquadro, C.F. (1992) Levels of naturally occurring
DNA polymorphism correlate with recombination rates in D.
melanogaster. Nature 356, 519–520
20 Bachtrog, D. and Charlesworth, B. (2002) Reduced adaptation of a
non-recombining neo-Y chromosome. Nature 416, 323–326
21 Spencer, C.C. et al. (2006) The influence of recombination on human
genetic diversity. PLoS Genet. 2, e148
22 Eyre-Walker, A. et al. (2006) The distribution of fitness effects of new
deleterious amino acid mutations in humans. Genetics 173, 891–900

0168-9525/$ – see front matter ß 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tig.2008.10.011 Available online 21 November 2008
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Protein material costs: single atoms can make an
evolutionary difference
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The process of gene expression has material costs
caused by the quantities of carbon, nitrogen, sulfur
and phosphorus that are needed to make mRNAs and
proteins. When any such chemical element is ecologically limiting, mutations increasing these costs can
reduce growth. Here, we ask if such mutations are
‘visible’ to natural selection in the yeast Saccharomyces
cerevisiae. We find that mutations causing small
increases in expression and even single amino acid
replacements can be subject to natural selection on
the basis of their material costs.

Nutrient limitation can influence protein evolution
Over vast regions of the globe, elemental nutrients including nitrogen, phosphorus and carbon limit the growth
Corresponding author: Wagner, A. (aw@bioc.unizh.ch).

of organisms and mediate competition between them.
Specific elements often limit growth because they are
needed to make important biomolecules [1]. For example,
mRNAs contain carbon (C), nitrogen (N) and phosphorus
(P) atoms and proteins contain carbon, nitrogen and sulfur
(S) atoms. Protein composition is constrained by natural
selection because proteins need to perform specific functions, but this is not the only compositional constraint.
Natural selection can also influence protein material costs
(e.g. see Refs [2–7]). For example, highly expressed
proteins can contain fewer atoms of ecologically limiting
elements (per amino acid) than other proteins in the same
proteomes [4,6,7]. Currently, we lack a quantitative,
mechanistic explanation for the adaptive evolution of
protein material costs. That is, mutations might affect
material costs by directly changing the number of atoms
required to make a protein, or by changing gene expression
levels. However, we do not know if the resulting changes in
5
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a cellular nutrient budget are ever of a sufficient magnitude to be visible to natural selection.
Here, we address this question in the yeast Saccharomyces cerevisiae. To do this, we estimate the C, N, S and P
costs of mutations as a fraction of the total cellular budgets
of these elements. We then relate these costs to a selection
coefficient, s, and determine whether it exceeds a critical
selection coefficient, sc, above which we would expect the
fate of a mutation to be dominated by natural selection.
The goal is to determine whether mutations that are
functionally neutral can affect material costs by a sufficient
amount to be subject to natural selection, given necessary
simplifying assumptions.
Material costs of mRNA and protein synthesis
We began by calculating the material costs of expressing
protein-coding genes. These are the C, N and P costs of
making mRNAs and the C, N and S costs of making
proteins (see supplementary material online for details).
We illustrate these calculations for carbon, but calculations for other elements proceed similarly. For each
mRNA, we multiplied its abundance, R (number of copies;
from Refs [8,9]), by the number of carbon atoms in a single
copy of the mRNA, CR, to obtain the total carbon cost of
the mRNA (sequence information from Saccharomyces
Genome Database; ftp://genome-ftp.stanford.edu/pub/
yeast/). We then estimated the fractional carbon cost of
the mRNA, F R, as a dimensionless proportion of the total
carbon content of the cell, using information on the
biomass composition of yeast [10]. To estimate the fractional carbon cost of a protein, F P, we carried out analogous calculations, using data for protein abundance (P;
from Ref. [11]) and for the carbon content of the protein in
atoms. We then estimated the carbon cost of expressing
each protein-coding gene (F) as a dimensionless fraction
of total cell carbon by adding the costs of the encoded
mRNA (F R) and protein (F P). Among yeast genes, this
fractional material cost F varies over approximately four
orders of magnitude for C, N and S and over approximately three orders of magnitude for P (Figure 1a).
Typically, the fractional carbon and nitrogen cost of a
protein is greater than the cost of its corresponding
mRNA (Figure S1).
Only small expression changes are neutral
If a mutation doubles the expression of a gene, the increase
in material cost is equal to the fractional cost of expression,
F. To estimate the effects of such mutations on growth, we
developed a model of nutrient uptake and cellular biosynthesis by an exponentially growing population of yeast (see
supplementary material online). The model shows that,
under strong nutrient limitation, the mutant will have a
growth rate of approximately gM = g(1  F), where gM is
the growth rate of the mutant and g is the growth rate of
the wild type. The selection coefficient, s, associated with
the mutation is then given by s = 1  W, where W is the
ratio of the mutant growth rate to the wild-type growth
rate (W = gM/g). It follows that s  1  (1  F), or s  F. In
the supplementary material online, we detail assumptions
that were made in deriving this approximation and consider a range of additional factors, including the turnover
6

Figure 1. The material costs of gene expression. (a) The fraction of cellular carbon,
nitrogen, sulfur and phosphorus bound in the expression of yeast genes. For
carbon and nitrogen, values shown are the sum of mRNA and protein elemental
content. The vertical line indicates the threshold value (2sc) of material costs where
a mutation is visible to selection during limitation by the nutrient. (b) The
proportion of yeast genes (vertical axis) in which a fractional change in expression
of a given magnitude (horizontal axis) would be visible to natural selection under
limitation by the indicated nutrients, where s = F/2. The data indicate that small
gene expression changes can have evolutionarily significant material costs for
many yeast genes.

of mRNAs and proteins, recycling and the consequences of
errors in our calculations or assumptions. If nutrient
limitation is weaker, such that the cell can increase its
uptake to partially compensate for the increased material
costs, we expect a smaller reduction in the growth rate of
the mutant and that s < F. Here, we concentrate on a value

Update
of s = F/2 and present results for s = F and s = F/4 in the
supplementary material online.
For a diploid organism, natural selection and drift have
a similar effect on the fate of a mutation when s  1/4Ne,
where Ne is the effective population size [12]. We assume
that natural selection will dominate the fate of a mutation
when the selection coefficient is ten-fold greater than this
value (after Refs [13,14]), or when sc = 10/4Ne. For yeast,
we estimated Ne = 3.41  106, using data on nucleotide
diversity at synonymous sites [15] and the mutation rate
per nucleotide [16]. This gives a critical selection coefficient
of sc = 7.33  107. This critical selection coefficient is
adjusted to determine whether mutations are evolutionarily significant where s = F/2 by comparing values of F to
2 sc (Figure 1a).
It is striking that, for most genes (>95%), a doubling of
expression would be visible to selection during limitation
by C, N or S (Figure 1). Because there is no phosphorus in
proteins, the effect of a doubling of expression on phosphorus cost is usually less dramatic (Figure 1), although
still visible to selection for 90% of genes under P-limitation.
Mutations can lead to changes in expression of varying
magnitudes. This leads us to ask: how small can a change
in gene expression be and still be visible to natural selection on the basis of material costs? To test this, we estimated the proportion of yeast genes where a given
fractional change in expression would lead to an evolutionarily significant increase in material costs (Figure 1b).
In general, we predict that small proportional increases
in gene expression can have evolutionarily significant
material costs in a substantial proportion of genes
(Figure 1b). For example, where C, N or S is limiting, an
increase of expression by 8% (a fractional increase of 0.08)
would be visible to natural selection in >45% of genes.
Small changes in expression would be evolutionarily significant in fewer genes on the basis of P costs (Figure 1b),
although a 40% increase in gene expression would
be visible to natural selection in >50% of genes during
P-limitation.
These analyses indicate that mutations in regulatory
regions causing even small changes in gene expression
levels could be subject to natural selection on the basis
of their material costs, complementing previous observations for energetic costs of expression [17,18]. They also
indicate that gene duplications can be selected against
owing to increased material costs. If we consider the
specific case of a newly arisen duplicate that is expressed
at a similar level to its parent gene, the resulting increase
in material cost would be equivalent to a doubling in
expression and, for most yeast genes, we would expect
selection against the duplication, particularly if C, N or
S were limiting. Material costs might, therefore, have a
role in determining the fate of some gene duplications,
along with advantages associated with increased dosages
of gene products [19,20], and other non-adaptive evolutionary processes [21].
Selection for a single atom change in protein elemental
content
Next, we estimated the fractional material cost of amino
acid substitutions that directly change the cost per
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molecule of making a protein. First, we considered substitutions that increased the material cost of a protein by one
atom. If P is the abundance of a protein, then such substitutions will lead to an increase in cellular material
content of P atoms. We converted this cost to a fraction
of a cellular nutrient content, as we did previously for the
costs of gene expression.
Such single atom costs range over 5 orders of magnitude among yeast genes and they are substantially greater
for sulfur than for nitrogen and carbon (Figure 2a). This is
because most cellular sulfur occurs in proteins and because
there are typically fewer S atoms in proteins than N or C
atoms (for yeast proteins, the median carbon, nitrogen and
sulfur content is 1952, 525 and 13 atoms, respectively).
Therefore, adding one sulfur atom to a protein has a
relatively large impact on total cellular elemental content.
During limitation by sulfur, an additional sulfur atom

Figure 2. The material costs of amino acid substitutions. (a) The fraction of cellular
carbon, nitrogen and sulfur associated with a single atom in yeast proteins. The
vertical line indicates the threshold value (2 sc) of material costs where a mutation
is visible to selection during limitation by the nutrient. (b) The proportion of genes
(vertical axis) whereby adding different numbers of carbon or nitrogen atoms
(horizontal axis) to the protein product results in an evolutionarily significant
increase in material costs during limitation by carbon or nitrogen, respectively. The
data indicate that, for a substantial number of genes, single amino acid
substitutions can increase material costs sufficiently to be visible to natural
selection.
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would be visible to natural selection for a majority (66%) of
proteins. Conversely, during limitation by nitrogen or
carbon, an additional nitrogen or carbon atom would be
visible to natural selection in only 3% and 0.3% of proteins,
respectively.
A single amino acid substitution can add up to three
nitrogen atoms (e.g. Gly!Arg) or up to nine carbon atoms
(Gly!Trp) to a protein. We, therefore, consider the selective consequences of adding different numbers of atoms
to yeast proteins (Figure 2b). The addition of three N atoms
would be visible to natural selection in 8.1% of proteins
during nitrogen limitation and the addition of nine C atoms
would be visible to natural selection in 4.4% of proteins
during carbon limitation.
These calculations help explain how highly expressed
proteins could become depleted in their content of important elemental nutrients [4,6,7]. They show that natural
selection could oppose increases in the elemental content
of highly expressed genes, even if those increases occur in
small steps of one amino acid substitution at a time. In
particular, previous studies show that the effect of natural
selection on the sulfur content of proteins can be quite
dramatic (e.g. see Refs [2–4,22,23]). This might seem
curious, because sulfur is perhaps less often limiting in
nature than the other nutrients we have considered. However, we show that if sulfur limitation is encountered, the
potential for natural selection to act on protein sulfur
content is high.
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Supplementary data
Supplementary data associated with this article can be
found at doi:10.1016/j.tig.2008.10.007.
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Concluding remarks
Nutrient limitation shapes living systems at essentially
all scales of their organization [1], down to the quantities
of different atoms used in making biopolymers (e.g. see
Refs [4,6,7]). Here, we show how natural selection can
operate on the material costs of gene expression, by showing that mutations increasing the quantities of C, N or S
costs of expression can have large enough impacts on
cellular material content to be opposed by selection. To
do this, we used a framework linking ecological nutrient
limitation and population genetics, to predict the selective
consequences of changes in material costs of gene expression. In the future, we hope that this framework will be
extended to different organisms to understand more broadly
how material costs shape the evolution of proteins and
genomes.
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